Various polymerization mechanisms have been developed to prepare peptide-immobilized poly(ethylene glycol) (PEG) hydrogels, a class of biomaterials suitable for studying cell biology in vitro. Here, we report a visible light mediated thiol-acrylate photopolymerization scheme to synthesize dually degradable PEG-peptide hydrogels with controllable crosslinking and degradability. We systematically evaluated the influence of immobilized mono-thiol pendant peptide on the crosslinking of these hydrogels. We further proposed methods to modulate hydrogel crosslinking, including adjusting concentration of co-monomer or altering the design of multifunctional peptide crosslinker. Due to the formation of thioether ester bonds, these hydrogels were hydrolytically degradable. If the di-thiol peptide linkers used were susceptible to protease cleavage, these thiol-acrylate hydrogels could be designed to undergo partial proteolysis. The differences between linear and multi-arm PEG-acrylate (i.e., PEGDA vs. PEG4A) were also evaluated. Finally, we explored the use of the mixed-mode thiol-acrylate PEG4A-peptide hydrogels for in situ encapsulation of hepatocellular carcinoma cells (Huh7). The effects of matrix stiffness and integrin binding motif (e.g., RGDS) on Huh7 cell growth and HIPPO pathway activation were studied using PEG4A-peptide hydrogels. This visible light polymerized thiolacrylate hydrogel system represents an alternative to existing light-cured hydrogel platforms and should be useful in many biomedical applications.
Introduction
Peptide-immobilized poly(ethylene glycol) (PEG) hydrogels have emerged as a powerful class of biomaterials for studying cell biology in vitro and for facilitating tissue regeneration in vivo. [1] [2] [3] Since PEG contains no biological motifs for cell or protein recognition, the incorporation of peptides (as receptor ligand or protease substrate) renders the otherwise inert PEG network 'bioactive' or 'biomimetic' such that cell attachment and proteasemediated matrix cleavage are promoted. [4] [5] [6] Various chemistries have been exploited to immobilize peptides, either as pendant ligands or as part of gel crosslinks, within a degradability. [21, 22] During our exploration of this attractive visible light initiated gel crosslinking, we found that the co-polymerization of pendant thiol peptide significantly impact the degree of network crosslinking. Several approaches could be used to improve the crosslinking of pendant peptide immobilized thiol-acrylate hydrogels, such as increasing concentration of co-monomer NVP, decreasing macromer chain-length, or increasing macromer functionality. [16, 17] One common feature of these approaches is the increase of monomer molarity, which accelerates propagation of the polymerization. These approaches also shift the crosslinking towards chain-growth polymerization that decreases the hydrolytic degradability of the resulting hydrogels. [20] In order to exploit visible light cured thiol-acrylate hydrogels for studying cell fate in 3D, it is essential to understand the crosslinking and degradation of these gels. In this work, we aimed to improve the crosslinking efficiency of thiol-acrylate hydrogels through designing peptides with higher functionality. We first evaluated the impact of mono-functional pendant motifs on gel properties. Bioactive motif (e.g., RGDS) was incorporated in the thiol-acrylate network not through pendant peptide, but as part of the gel crosslinkers. In addition to characterizing the hydrolytic degradability of these hydrogels, we also assessed the proteolytic degradation of these unique visible light cured thiol-acrylate hydrogels. Finally, through in situ encapsulation and culture of hepatocellular carcinoma cells Huh7, we demonstrated the cytocompatibility of this system. We also found that Huh7 cells encapsulated in 3D hydrogel had significantly lower expression of CTGF gene, an indicative gene up-regulated by the HIPPO pathway effector YAP that controls cell proliferation, differentiation, tissue development and tumorigenesis.
Materials & Methods

Materials
Linear and four-arm raw PEGs were purchased from Sigma-Aldrich and JenKem Technology USA, respectively. Eosin-Y disodium salt was purchased from MP Biomedical. N-vinylpyrrolidone (NVP) and dithiothreitol (DTT) were obtained from Acros Organics and Thermo Fisher, respectively. Reagents for solid phase peptide synthesis (Fmoc-amino acids, Fmoc-Rink amide-MBHA resin, HBTU, etc.) were purchased from Chempep or Anaspec. 1-Hydroxybenzotriazole (HOBT) hydrate was acquired from AK Scientific. All reagents for cell culture (e.g., Dulbecco's modified Eagle's medium (DMEM), Dulbecco's phosphatebuffered saline (DPBS), trypsin, fetal bovine serum (FBS), and 1× Antibiotic-Antimycotics) as well as live/dead staining kit were purchased from Life Technologies. AlamarBlue cell viability/metabolic indicator was procured from AbD Serotec. All other chemicals were acquired from Sigma-Aldrich unless noted otherwise.
Synthesis of PEGDA, PEG4A, and peptides
PEG-diacrylate (PEGDA) and PEG-tetra-acrylate (PEG4A) were synthesized using the same protocol published previously. [16] All PEGDA macromers were characterized by 1H NMR (AVANCE Bruker 500) and the degree of functionalization was at least 95%. All peptides were built on Fmoc-Rink amide-MBHA resin using standard solid phase peptide synthesis in a microwave peptide synthesizer (CEM Discover) using protocols reported previously. [23, 24] Preparative reverse phase HPLC (RP-HPLC, PerkinElmer Flaxer System) was used to purify the peptides (>90% purity).
Gel modulus measurements -Gel stiffness and hydrolytic degradation
Storage moduli (G') and loss moduli (G'') were determined using a Bohlin CVO digital rheometer as described previously. [16, 17] Prior to the measurements, hydrogels were formed in between two glass slides separated by 1mm thick Teflon spacers. Hydrogel discs (8 mm in diameter) were punched out from the gel slabs and incubated in pH 7.4 PBS at 37 °C. Storage (or shear) moduli of the hydrogels were measured at predetermined time periods to reveal gel stiffness and hydrolytic degradation as a function of time. Rheometry was performed in oscillatory strain-sweep (0.1-5%) mode using a parallel plate geometry (8 mm).
To assess hydrolytic degradation of the hydrogels over time, gel moduli were measured at pre-determined time periods and plotted as a function of incubation time. Shear modulus of the hydrogels at day 2 was used as the starting modulus (i.e., G' 0 ) for normalization to determine the rate of hydrolytic gel degradation, which was modeled using the pseudo-first order degradation kinetics as reported previously. [16, 17, 24] Proteolytic degradation of thiol-acrylate hydrogels CGGYC, a peptide substrate for α-chymotrypsin (Worthington Biochemical), [23] was used to crosslink thiol-acrylate PEGDA and PEG4A hydrogels were prepared as previously described. [16, 17] Following gelation, hydrogels were incubated in PBS for 24 hours prior to the proteolytic degradation study. Thiol-acrylate PEG hydrogels were incubated in α-chymotrypsin solution prepared in PBS at desired concentrations at room temperature for a pre-determined period of time. Gel mass before and after incubation in chymotrypsin solution were measured gravimetrically to determine mass change as a function of time.
Cell culture, encapsulation, and viability assays Hepatocellular carcinoma-derived Huh7 cells were maintained in high glucose DMEM containing 10% FBS and standard Antibiotic-Antimycotics (Life Technologies) and cultured in a 5% CO 2 , 37°C tissue culture incubator. In preparation for encapsulation, three millions of Huh7 cells were seeded in a 10cm plastic culture plate 24 hours prior to the experiment. To encapsulate these freshly seeded cells, cells were trypsinized and dissociated into single cells. Required volume of cell solution was mixed in pre-polymer solutions to a final cell density of 5 × 10 6 cells/mL. Twenty micro-liters (20 µL) of cell-containing pre-polymer solutions were transferred to a silicon mold, followed by visible light exposure using the same light source and conditions as described in the previous section. Following gelation and cell encapsulation, cell-laden hydrogels were cultured in the same culture media as described above. Cell viability and metabolic activity were determined by Live/Dead staining and AlamarBlue assay as previously described. [16, 25] 
Generation of YAP reporter cells
Plasmid pEGFP-C3-hYAP1 was a gift from Marius Sudol (Addgene. Plasmid #17843). [26] To generate cells overexpressing GFP-YAP1, Huh7 cells were transfected by pEGFP-C3-hYAP1 plasmids using LTX1 plus (Mirus) following manufacturer's protocol. One day posttransfection, 0.5 mg/mL of G415 (Santa Cruz Biotechnology) was added in culture media for selecting GFP-YAP1 overexpressing cells. Flow cytometry was performed to sort GFP (+) cells 3 weeks post-transfection and G415 selection. Sorted cells were maintained in media containing 0.5 mg/mL of G415.
RNA isolation, reverse transcription, and analysis of gene expression
Cell-laden hydrogels were collected in DNase/RNase-free microtubes on the indicated days of experiments, flash frozen with liquid nitrogen, and stored at −80°C until use. To extract RNA, frozen gels were homogenized in 600 µL of RA1 lysis buffer (NucleoSpin RNA II kit, Clontech) and freeze-thaw two more times to lyse cells. Lysates were purified by NucleoSpin Filters (NucleoSpin RNA II kit, Clontech), followed by mixing thoroughly with 600 µL of RNase-free 70% ethanol. Consequently, the mixtures were transferred to NucleoSpin RNA columns (NucleoSpin RNA II kit, Clontech) for RNA extraction following the manufacturer's instruction. The isolated RNAs were eluted in 30µL of DNase/RNasefree water and quantified by UV spectrometry (NanoDrop 2000, Thermo Scientific). Aliquots of RNA samples were stored at −80°C until use.
Isolated total RNA (100-500 ng) were converted into single-stranded cDNA using the PrimeScript RT reagent kit (Clontech). Gene expression level was assessed by quantitative real-time PCR. In short, 2 µL of the reverse-transcribed cDNA were mixed with specific primers and SYBR Premix Ex Taq II kit (Clontech) following manufacturer's protocol. Quantitative real-time PCR was performed on an Applied Biosystems 7500 fast real-time PCR machine. The reactions were run at 95°C for 30 sec, followed by 45 cycles of 95°C for 5 sec and 72°C for 30 sec. Gene expression levels were analyzed using 2 −ΔΔCT method that, within the same experimental group, the detected levels of each gene were standardized to the level of GAPDH internal control (ΔCT), followed by normalizing the standardized gene levels to those from 2D culture (ΔΔCT, where gene levels in 2D culture were set as 1-fold for the comparison of gene expression (fold changes) under different culture conditions). Real-time PCR primer sequences for GAPDH [27] are 5'-GAAGGTGAAGGTCGGAGTC-3' (forward) and 5'-GAAGATGGTGATGGGATTTC-3' (reverse); primer sequences for CTGF [28] are 5'-AGGAGTGGGTGTGTGACGA-3' (forward) and 5'-CCAGGCAGTTGGCTCTAATC-3' (reverse).
Statistics
All statistical analyses and curve fittings were conducted using GraphPad Prism 5 software. Gel moduli (with more than three experimental groups), cell metabolic activity, and urea secretion were analyzed by Two-Way ANOVA followed by Bonferroni's post-hoc test with control group specified in the respective figure captions. Gel points and swelling ratio with single experimental group were analyzed by One-Way ANOVA followed by Tukey's posthoc test. All experiments were conducted independently for at least three times. Data presented were Mean ± SEM. Single, double, and triple asterisks represent p<0.05, 0.001, and 0.0001, respectively. p <0.05 was considered statistically significant.
Results & Discussion
Effect of mono-functional thiols on moduli of visible light cured thiol-acrylate hydrogels
We have previously reported that PEG-peptide hydrogels can be formed by visible light initiated thiol-acrylate mixed mode photopolymerization and that these hydrogels were susceptible to hydrolytic and cell-mediated proteolytic degradation. [16, 17] In this report, we further explored the crosslinking of this type of hydrogels and evaluated the effect of incorporating pendant peptide, a means of enhancing bioactivity of the otherwise inert hydrogels, on the crosslinking of the resulting hydrogels. The crosslinking of thiol-acrylate hydrogels using PEGDA and bi-functional thiol linkers (with co-monomer NVP) yields a mixed-mode network with both poly(acrylate-co-VP) chains and thiol-ether ester bonds (Fig. 1A) . When mono-thiol pendant peptide was added, the network possessed more thiolether ester bonds and as such had decreased gel crosslinking density (Fig. 1B) . To examine this effect, we prepared thiol-acrylate mixed-mode hydrogels incorporating macromer PEGDA (10 wt%), crosslinker DTT (7.5 mM), photosensitizer eosin-Y (0.1 mM), comonomer NVP (0.1 %), and different concentrations of either L-cysteine or CRGDS peptide. The shear moduli of the hydrogels were negatively and dose-dependently affected when mono-functional ligand such as L-cysteine (Fig. 1C) or CRGDS (Fig. 1D ) was copolymerized in the hydrogel network, suggesting a need to improve the crosslinking density of this mixed-mode thiol-acrylate hydrogel system. The simplest way is through increasing the concentration of co-monomer NVP (Fig. 1E) . NVP is a small monomer that increases both the gel point and the final modulus of a mixed-mode hydrogel. [29] As shown in Fig. 1E , the shear moduli of the CRGDS-immobilized mixed-mode hydrogels were significantly and dose-dependently increased. Adjusting gel stiffness by tuning NVP content provides a facile way of controlling mechanical properties of the peptide-immobilized hydrogels without altering the compositions of other macromer components.
Effect of bi-functional thiols on moduli of visible light cured thiol-acrylate hydrogels
Mono-thiol pendant peptide reduces the crosslinking density of a thiol-acrylate hydrogel network by means of thiol-mediated chain-transfer reactions. To explore whether it is possible to maintain hydrogel crosslinking density without adding additional co-monomer (e.g., NVP), we designed and synthesized a peptide that contains terminal RGDS and a functional peptide sequence sandwiched by two cysteines that provide two linkages in the hydrogel network (e.g., CX 1 X 2 X 3 C, or CX 1 X 2 X 3 CRGDS. X represents any amino acid residue. Fig. 2A ). This multifunctional peptide provides not only thiol moieties for initiating thiol-acrylate gelation, but also sequences critical for protease-mediated cleavage and integrin-mediated receptor binding. We first evaluated the effect of bis-cysteine containing peptide on the crosslinking of thiol-acrylate PEGDA hydrogels using a model peptide CGGYC. This short peptide was selected because it can be readily cleaved by chymotrypsin and thus serves as a model for protease sensitive peptide. As shown in Fig. 2B , the incorporation of 2mM of CGGYC peptide (group B) insignificantly decreased the shear modulus of the PEGDA hydrogel. This result could be attributed to the increase in total thiol concentration (i.e., 15mM in group A and 19mM in group B) that increased chain-transfer events during gel crosslinking. In an attempt to improve this, we prepared another group of hydrogels using a fixed total concentration of thiol (i.e., total 15mM with 2mM of DTT replaced by CGGYC peptide, group C). Unfortunately, the gel shear modulus decreased to a statistically significant level, suggesting that the de-protonation efficiency of cysteines might be lower than that of the thiol groups in DTT, hence resulting in lower thiyl radicals necessary for efficient gel crosslinking.
In addition to the linear macromer PEGDA, we also evaluated the crosslinking efficiency using 4-arm PEG acrylate (PEG4A). Multi-arm PEGs provide additional linkages inherent in their molecular structure and should enhance gel crosslinking. Indeed, the concentration of macromer and bi-functional thiol crosslinker needed to achieve a similar degree of shear modulus were higher in the PEGDA system when compared with PEG4A (i.e., 10wt% PEGDA 15mM thiol in group A; 4wt% PEG4A and 8mM thiol in group D, Fig. 2) . Furthermore, when half of the peptide was replaced by CGGYCRGDS (group E), the shear moduli of the thiol-acrylate PEG4A hydrogels only decreased slightly when compared with gels crosslinked by CGGYC (group D). We also tested gel crosslinking using another biofunctional peptide -CGGGCRGDS (group F) -and found that the gel modulus was in between that of CGGYC (group D) and CGGYCRGDS (group E), suggesting that peptide sequences played a role in the efficiency of thiol-acrylate photopolymerization. Previously, Lutolf and Hubbell used Michael-type addition gel crosslinking to demonstrate the profound impact of neighboring amino acid residues on deprotonation of cysteines and subsequent thiol-addition to vinyl groups. [30] We have also shown that bis-cysteine containing amino acid sequences influence crosslinking and degradation of step-growth thiol-norbornene photoclick hydrogels. [24] Future studies may be focused on systematic alteration of peptide crosslinker sequences to gain understanding in the role of amino acid residues on the efficiency of visible light induced thiol-acrylate photopolymerization. Nonetheless, while the shear moduli of thiol-acrylate hydrogels with multifunctional peptide crosslinkers were still lower than controls (groups A and D in Fig. 2 ), the degree of reduction was not as drastic as that when using mono-thiol pendant peptide (Figs. 1C and 1D ).
Effect of bi-functional thiol linker on hydrolytic degradation of visible light cured thiolacrylate hydrogels
We have previously showen that, owing to the formation of thioether ester bonds, thiolacrylate hydrogels are susceptible to hydrolytic degradation (Fig. 3A) . This phenomenon was examined here using the multifunctional peptide crosslinked thiol-acrylate hydrogels. As shown in Fig. 3B , PEGDA hydrogels crosslinked by 7.5mM DTT (group A), 7.5mM DTT and 2 mM CGGYC (group B), and 5.5mM DTT and 2mM CGGYC (group C) all degraded slowly as a function of time. Because these hydrogels had different initial moduli (Fig. 2B) , we evaulated the change of gel moduli as a function of time using the pseudo-first order degradation kinetics developed previously for this class of hydrogels. [24, 31] Briefly, the hydrolytic degradation of thiol-acrylate hydrogels causes a reduction in gel shear moduli, which can be expressed by the following equation:
Here G' is the gel shear modulus at any time during degradation, G' 0 is gel moduli before significant degradation has occurred (day 2 at this experimental set-up), t is the degradation time, while k is the pseudo-first order hydrolysis constant. After plotting ln(G'/G' 0 ) as a function of time, it can be seen that all degradation kinetics followed the pseudo-first order degradation kinetics (Table 1) . Although no statistically significant difference was found between any two of the three groups (Table 1) , group B degraded slightly faster than the other two groups (k = 0.051, 0.074, and 0.057 day −1 for group A, B, and C, respectively), a trend similar to the results we have reported in an earlier publication. [16, 17] This was reasonable since gels in group B contained more thioether ester bonds (total thiol concentraiton = 19mM) than gels in gropus A and C (total thiol concentration = 17mM).
We next evaluated hydrolytic degradation of thiol-acrylate PEG4A hydrogels crosslinked by either purely CGGYC (4mM peptide) or a mixture of CGGYC and CGGYCRGDS (2mM peptide each). As shown in Figs. 3D and 3E , the degradation of both groups of gels still followed the pseudo-first order hydrolysis kinetics (Table 1) . However, gels crosslinked by purely CGGYC (group D) degraded almost two times faster (k = 0.052 vs. 0.028 day −1 for group D and E, respectively. Table 1 ) than the gels crosslinked by a mixture of both multifunctional peptides (group E). This was unexpected as both groups contained equal concentraiton of thioether ester bonds (i.e., 8mM). Although the exact mechanism by which the RGDS motif decreases the hydrolysis rate of the hydrogel is yet to be determined, the difference of the gel properties within the examined time frame (i.e., 2 weeks) was less likely to affect cell behaviors due to the small differences in the absolute moduli (Fig. 3D ).
Proteolytic degradation of visible light cured thiol-acrylate hydrogels
Protease sensitivity is an important aspect of a biomimetic hydrogel design and labile peptide substrates are commonly used to impart proteolytic degradability in the otherwise inert synthetic hydrogels. To demonstrate the proteolytic degradability of the thiol-acrylate PEG-peptide hydrogel system, we used bis-cysteine peptide (i.e., CGGYC) [23] sensitive to α-chymotrypsin, a protease that cleaves the C-terminal peptide bond of phenylalanine, tryptophan, and tyrosine (Fig. 4A) . When thiol-acrylate PEG hydrogel was crosslinked by 100% of inert linker DTT (i.e., 0% CGGYC), no significant change in gel mass was observed during the 300 minute incubation in the protease solution (Fig. 4B) . When the gels were crosslinked by 100% chymotrypsin labile peptide, the hydrogels network was cleaved by infiltrated chymotrypsin, leading to increased gel swelling and higher gel mass (~10% increase, Fig. 4B ). The increase in gel swelling was due to additional water uptake in the degrading network. The effect of co-monomer NVP on proteolytic degradation of PEGDA hydrogel was also investigated (Fig. 4C) . Increasing NVP concentration results in higher content of poly(acrylate-co-NVP) kinetic chain in the gels. Consequently, the gels with higher NVP content (i.e., 0.3%) degraded slightly slower by chymotrypsin (Fig. 4C) . Next, the effect of α-chymotrypsin concentration (1, 2, or 4 mg/mL) on degradation rate was examined. Interestingly, there was no significant difference in their degradation profiles (Fig.  4D ). The insignificant difference in proteolytic gel degradation was likely caused by the high protease concentration used in the study. It was also likely that the rate of proteolytic gel degradation is limited by the peptide substrate availability. Therefore, increasing the enzyme concentration only has limited effect on gel degradation rate. Further extended the protease incubation time did not increase gel mass (up to 300 min, data not shown), potentially due to the presence of none-degradable poly(PEG-co-NVP) chains. It is worth noting that, although not degraded completely by protease, these hydrogels still contain hydrolytically labile thioether ester bonds that subject them to complete degradation over an extended period of time.
Degradation studies in Figs. 4B-4D were conducted using linear macromer PEGDA and the results showed that the proteolytic degradation was rather slow. The maximal increase in gel mass (caused by protease-mediated network cleavage and subsequent gel swelling) was about 15% in 120 minutes. This could be attributed to the higher amount of poly(acrylateco-NVP) chains presented in the mixed-mode network as these gels were crosslinked by 10wt% of PEGDA 3.4kDa (~59 mM acrylate). We also assessed the protease sensitivity of hydrogels crosslinked by 4wt% of 4-arm PEG-acrylate (PEG4A 20kDa , Fig. 4E ) and found that gel mass increased about 30% in 30 minutes, a rate much faster than that in PEGDA gels. This was presumably because of a much lower acrylate concentration in this gel formulation (i.e., 8mM). Note that even though the acrylate concentration in PEG4A was 7.4-fold lower than that in PEGDA hydrogel, the two set of gels actually had similar modulus (see Figs. 2B and 2C). These results support the notion that multi-arm PEG4A thiol-acrylate hydrogels may be a more attractive gel formulation for biomedical applications. Similar to results shown in Fig. 4D , the concentration of chymotrypsin did not affect the degradation rate in PEG4A hydrogels (Fig. 4E) .
In situ encapsulation and growth of hepatocellular carcinoma cells in visible light cured thiol-acrylate hydrogels
Our previous works have revealed the high cytocompatibility of PEG hydrogels cured using visible light and NVP as the co-monomer. [16] To examine whether enhancing gelation efficiency using aforementioned adjustments (Figs. 1-4 ) affects cell viability, we encapsulated Huh7 cells in PEG4A hydrogels crosslinked with bis-cysteine peptides (CGGYC) using visible light initiated thiol-acrylate photopolymerization. Gel stiffness was adjusted using 0.1% or 0.2% of co-monomer NVP (Fig. 1E) . Effects of integrin-binding motif were also examined by incorporating 1mM CGGYCRGDS motif in the gels. Hydrogel cytocompatibility was assessed by Live/Dead staining and confocal microscopy (Figs. 5A-C) and by AlamarBlue assay (Figs. 5D-E) . As shown in Fig. 5A , the majority of encapsulated Huh7 cells were viable (stained green) on Day 1 (D1) post-encapsulation irrespective of hydrogel stiffness. Seven days (D7) post-encapsulation, Huh7 cells grew into clusters, and majority of the population were viable (Fig. 5B) . Interestingly, less cells clusters were observed when integrin-binding RGDS motif was added to the gel formulation (Fig. 5C) , suggesting the restriction of Huh7 cell growth by RGDS. Furthermore, more dead cells (stained red) were observed in softer hydrogels (0.1% NVP) than in stiffer hydrogels (0.2% NVP) when integrin-binding RGDS was present (Fig. 5C) , indicating the combination of RGDS and softer environment inhibits Huh7 cell proliferation.
AlamarBlue assay quantitatively measures intracellular reducing state. The results also revealed Huh7 cell growth in the thiol-acrylate PEG4A hydrogels (Figs. 5D-E) . Interestingly, Huh7 cells encapsulated in gels immobilized with RGDS exhibited significantly lower metabolic activity than without the presence of RGDS motif. This result coincides with our previous work on Huh7 cells encapsulated in UV light crosslinked thiol-norbornene hydrogels. [32] In gels without RGDS motif (Fig. 5D ), Huh7 cell metabolic activity was significantly higher in softer hydrogels (i.e., 0.1% NVP) than in stiffer hydrogels (i.e., 0.2% NVP) on day 7 post-encapsulation, although no major difference was observed in Live/dead staining images between the two groups (Fig. 5B) . Conversely, in gels with 1mM of RGDS motif, cells encapsulated in softer hydrogels showed significantly lower metabolic activities than in stiffer gels on day-4 and day-7 post-encapsulation (Fig. 5E) . The result coincides with the live/dead staining where more dead cells were found in softer gel with 1mM of RGDS motif, suggesting that the presence of RGDS provides stimuli that inhibit Huh7 cell growth when in softer environment. While the exact roles of RGDS in molecular and cellular signaling in Huh7 cells are not the focus of the current study, the results presented in Fig. 5 provide an interesting angle for future investigation in the synergistic influence of matrix stiffness and integrin signaling on liver cancer cell fate.
YAP localization in encapsulated Huh7 cells
The HIPPO pathway is a key signaling cascade that controls organ size, cell proliferation and differentiation. [28, 33, 34] It was reported that YAP, the HIPPO pathway effector, localized in the cytoplasm when cells are cultured on top of softer environmental matrices; whereas when cells are seeded on stiffer surfaces, YAP trans-localize into the nucleus. [35] To examine whether 3D encapsulation by our hydrogels also affect YAP localization, we encapsulated GFP-YAP-overexpressing Huh7 cells in visible light-initiated PEG4A hydrogels, and the localization of GFP-YAP was visualized using confocal microscopy (Figs. 6A-B) . As shown in the figures, no visible GFP-YAP1 or GFP-YAP2 proteins were observed in the nuclei. When cells were cultured on 2D glass surfaces, both GFP-YAP1 and GFP-YAP2 localized in the cytoplasm; conversely, cytoplasmic GFP-YAP1 and GFP-YAP2 were not detected by confocal microscopy when cells were encapsulated in 3D hydrogels. Taken together, these results revealed that cytoplasmic YAP proteins are down-regulated when cells are cultured in our 3D hydrogels, suggesting the activation of the HIPPO signaling pathway in inhibiting YAP activities in 3D culture environments.
To further investigate whether gene expression in Huh7 cells encapsulated in 3D hydrogels is affected by the down-regulation of cytoplasmic YAP, we isolated RNA from 2D-cultured and 3D-encapsulated cells and performed reverse transcription PCR and real-time PCR to analyze the expression of CTGF, a downstream gene up-regulated by the activation (nuclear localization) of YAP (Fig. 6C) . When compared with the CTGF mRNA level (set as relative level 1) in 2D-cultured Huh7 cells, CTGF mRNA levels in 3D-encapsulated cells were significantly lower. When increasing gel stiffness using NVP, no significant difference was found between 0.1% NVP and 0.2% NVP (Fig. 6C, no RGDS) . Although still significantly lower than the 2D counterparts, the presence of integrin-binging motif RGDS in 3D hydrogels enhanced the CTGF mRNA level in both softer (0.1% NVP, 1mM RGD) and stiffer (0.2% NVP, 1mM RGD) cell-laden hydrogels, suggesting a role of cell-matrix interaction in regulating YAP activation. The HIPPO pathway controls organ size and cell proliferation. [33, 34] Activated HIPPO pathway phosphorylates YAP, causing its cytoplasmic retention and degradation. It is possible that when Huh7 cells are encapsulated in 3D hydrogels, the HIPPO pathway is activated by the 3D micro-environmental stimuli. Consequently, the activated HIPPO signaling cascade leads to the phosphorylation, degradation and inhibition of cytoplasmic YAP. Although the role of integrin-binding motif RGD in the HIPPO pathway is not conclusive, our results showed that the presence of RGDS in stiffer hydrogels (i.e., 0.2% NVP) promoted CTGF expression (Fig. 6C) , suggesting a positive influence of RGD-cell (integrin) interactions on YAP activation. As a result, higher degrees of cell survival and metabolic activity were observed (comparing soft and stiff hydrogel with RGDS, Fig. 5E ). Future studies are required to further elucidate the delicate influence of matrix stiffness and integrin signaling on the HIPPO-dependent or independent pathways in controlling the effector YAP and subsequent cellular fate.
Conclusions
In summary, we have prepared visible light cured thiol-acrylate hydrogels with tunable degree of crosslinking and degradability. At fixed PEG macromer content, photoinitiator concentration, and light irradiation conditions, the crosslinking of thiol-acrylate PEGpeptide hydrogels can be adjusted by several parameters, including concentrations of comonomer NVP and di-thiol peptide linkers. Gel crosslinking density is negatively affected by the inclusion of mono-thiol pendant ligand, but it can be increased by using higher comonomer NVP content or by using multi-thiol peptide linker. The use of multi-arm PEGacrylate (e.g., PEG4A) yields hydrogels with higher degree of crosslinking even at a lower PEG macromer concentration. Furthermore, these hydrogels were susceptible to both hydrolytic and proteolytic degradations. The tunable gel properties were explored for studying the influence of matrix stiffness and integrin activation (e.g., RGD ligand) on Huh7 cell proliferation and the activation of the HIPPO pathway. The inclusion of RGD ligand suppresses metabolic activity of Huh7 cells grown in 3D. Huh7 cells cultured in thiolacrylate hydrogels exhibit lower YAP activation (i.e., lower CTGF mRNA expression). The inclusion of RGD motif partially rescues YAP activation only in stiffer hydrogels (i.e., gels crosslinked by 0.2% NVP), suggesting a synergistic effect of matrix stiffness and integrin activation on the activation of HIPPO pathway in hepatocellular carcinoma cells. This hydrogel crosslinking scheme may be useful in future study of HIPPO pathway activation in other tumor cells. # Statistical analysis was proformed using Student's t-test comparing the slopes of linear regression fits of the experimental groups to that of the control groups (Group A in Fig. 3C and Group D in Fig. 3E) (n=3).
